Populations existing in formerly glaciated areas often display composite historical and contemporary patterns of genetic structure. For Canadian freshwater fishes, population genetic structure is largely reflective of dispersal from glacial refugia and isolation within drainage basins across a range of scales. Enhancement of sport fisheries via hatchery stocking programs and other means has the potential to alter signatures of natural evolutionary processes. Using 11 microsatellite loci genotyped from 2182 individuals, we analyzed the genetic structure of 46 inland lake walleye (Sander vitreus) populations spanning five major drainage basins within the province of Ontario, Canada. Population genetic analyses coupled with genotype assignment allowed us to: 1) characterize broad-and fine-scale genetic structure among Ontario walleye populations; and 2) determine if the observed population divergence is primarily due to natural or historical processes, or recent anthropogenic events. The partitioning of genetic variation revealed higher genetic divergence among lakes than among drainage basins or proposed ancestries-indicative of relatively high isolation among lakes, study-wide. Walleye genotypes were clustered into three major groups, likely reflective of Missourian, Mississippian, and Atlantic glacial refugial ancestry. Despite detectable genetic signatures indicative of anthropogenic influences, province-wide spatial genetic structure remains consistent with the hypothesis of dispersal from distinct glacial refugia and subsequent isolation of lakes within primary drainage basins. Our results provide a novel example of minimal impacts from fishery enhancement to the broad-scale genetic structure of inland fish populations.
Genetic divergence and population structure are the culmination of the effects of gene flow, selection, and drift. Genetic divergence varies across spatial scales producing a variety of patterns indicative of both historical processes and contemporary connectivity. For North American freshwater fishes, a significant amount of the variation in genetic diversity can be traced to dispersal and recolonization after the Pleistocene Ice Age, 12 000 years ago (Bernatchez and Wilson 1998; Scott and Crossman 1998) . Anthropogenic activitiesincluding hatchery supplementation, habitat alteration, and human-mediated fish transfers-can further complicate the interpretation of geographic genetic structure. The ability to partition factors driving connectivity versus isolation among populations of commercially and ecologically significant species is important for effective conservation and resource management.
The Canadian province of Ontario has a large number of lakes; at least 3899, but the exact number is unknown (Natural Resources Canada 2009) . Created by glacial meltwaters, this network of proglacial lakes was repeatedly colonized by fishes from southern refugia during cycles of glacial retreat and advance (Dawson 1991; Billington et al. 2011) . For vagile fishes such as the walleye (Sander vitreus), northern populations (Canadian Great Lakes region) represent the most recently diverged stocks with ancestry stemming from three glacial refugia (Stepien and Faber 1998; Stepien et al. 2009; Billington et al. 2011) . At the broad-scale, analyses of mtDNA revealed the presence of two genetic groups among walleye from Central and Eastern Great Lakes indicative of recolonization from Atlantic and Mississippian glacial refugia (Billington and Hebert 1988; Billington 1998) . Subsequent analyses of more western Great Lakes and inland populations uncovered a third genetic group attributed to the Missourian refugium (Ward et al. 1989; Billington et al, 1992; Billington 1998) . Evidence of fine-scale genetic differentiation corroborates earlier observations of walleye natal philopatry (Olson and Scidmore 1962; Ferguson and Derkson 1971; Wolfert and Van Meter 1978; Todd and Haas 1993) resulting in substantial within-lake population genetic structure (Stepien et al. 2009 ). The majority of those studies examined large lake systems (e.g., the Great Lakes), while analyses of the numerous smaller inland lake populations remains sparse. Ontario's inland lake walleye populations provide an excellent opportunity for quantifying broad and fine-scale genetic structure within a previously glaciated area. However, various human activities may confound the historical and natural genetic relationships among populations.
Population supplementation from hatchery-reared stocks of fish is often used in management for both commercial and recreational fisheries. Supplementation presents the opportunity for artificial gene flow among native and supplemented stocks, which has the potential to alter genetic structure among the recipient native fish populations. Specifically, hatchery fish transfers may lead to reductions in genetic divergence among supplemented and source populations due to allele frequency homogenization (Miller and Senanan 2003) . Alternatively, supplementation might not necessarily impact the genetic structure of a population over the long term (Ruzzante et al. 2001) , as hatchery fish typically exhibit lower fitness in the wild relative to native individuals (Fleming et al. 2000; Heath et al. 2006) . Nonetheless, assessing population structure among lakes both with and without histories of stocking is necessary to evaluate genetic variation across a broad geographic scale.
In this paper, we characterize both historical and contemporary factors that affect the population genetic structure of walleye from inland lakes across the province of Ontario. We evaluate three hypotheses to explain the population structure of walleye: 1) glacial refugia ancestry (GRA); 2) primary drainage vicariance (PDV); and 3) an aggregate of the GRA and PDV, with lakes nested within drainages, within refugia, referred to as Integrated Ancestry and Isolation (IAI). The GRA hypothesis draws from the generalized mtDNA haplotype distributions for walleye across Ontario (Billington 1996) . The PDV hypothesis assumes that gene flow is more likely to have occurred in the recent past among lakes within a given drainage; thereby isolation is higher among primary drainage basins. The IAI model provides an amalgamation of historical and contemporary isolation, assuming variation is greatest among drainages within ancestries. We also test for within-lake population structure, a pattern expected to result from multiple, semi-isolated breeding populations within a lake. The partitioning of contemporary connectivity and historic genetic structure is not only important for effective management, but also contributes to our understanding of the on-going interaction between gene flow (natural and human-mediated) and isolation among and within freshwater lakes.
Materials and Methods

Samples and Study Lakes
All samples were collected by the Ontario Ministry of Natural Resources (OMNR) during the Fall Walleye Index Netting (FWIN) sampling protocols described in Morgan (2002) . The 46 inland lake populations for which microsatellite genotype data was collected (Cena et al. 2006 ) are shown in Figure 1a . The lakes span five primary drainage basins: 1) Ottawa River; 2) Nelson River; 3) Hudson Bay; 4) Lake Superior-Lake Huron; 5) Lake Erie-Lake Ontario. The mean number of individuals genotyped per lake was 47 (range: 42-58). Drainage basins were identified based on drainage patterns determined by height of land (identified on a 1:500 000 scale map; Land and Information Branch, ONMR). Twenty-three of the 46 lake samples have been supplemented with hatchery reared fish, based on available stocking records (Table 1 ; Dimond and Potter 1996; Kerr 2002; Cena et al. 2006) .
Statistical Analyses
Departures from Hardy-Weinberg Equilibrium (HWE) were previously reported for this dataset in Cena et al. (2006) ; however, we repeated HWE departure analyses using 500 000 permutations in GENEPOP 4 (Raymond and Rousset 1995). Next we calculated global and pairwise F ST (Weir and Cockerham 1984) and D C (Cavalli-Sforza and Edwards 1967) using MSA 4 (Dieringer and Schlötterer 2003) . We applied the false discovery rate (Benjamini and Hochberg 1995) to determine the significance of pairwise population differentiation analyses. Mean allelic richness (A R ), number of private alleles (A P ), and observed and expected heterozygosities were calculated for each lake by using MSA.
We explored three alternative geographic-based hypotheses for the genetic structure Ontario's inland lake populations of walleye using Analysis of Molecular Variance (AMOVA, Excoffier et al. 1992) . The GRA hypothesis predicts that the genetic structure of walleye is best explained by ancestry in three separate glacial refugia (Missourian, Mississippian, and Atlantic). To test this, we classified lakes as belonging to one of three glacial refugia based on walleye mtDNA haplotype distributions in Billington (1996) . We overlaid the generalized walleye distribution map (Figure 1 in Billington 1996) with our sampled lakes to determine classification groupings for the GRA AMOVA (Figure 1b) . The PDV hypothesis predicts that primary drainage basin vicariance best explains the genetic structure of walleye populations. To test this hypothesis, we assigned each lake into one of five primary drainage basins in Ontario. We also considered an Integrated Ancestry and Isolation (IAI) hypothesis, whereby lakes were nested within primary drainage basins within ancestries, for a total of nine groups. The comparative AMOVAs were performed with 10 000 permutations in ARLEQUIN 3.1 (Excoffier et al. 2005 ).
To independently assess broad-scale genetic structure, we performed a Bayesian clustering analysis of population genetic structure using STRUCTURE 2.0 (Pritchard et al.
2000
) with the admixture model with 500 000 burn-in, 500 000 iterations, and correlated allele frequencies for K = 1-5 with five runs per K; K is defined as the number of "populations" or genetic groups. Values of K were compared by examining the shape of the K versus Ln P(D) plot coupled with the ΔK values (Evanno et al. 2005) . STRUCTURE results were visualized using DISTRUCT 1.1 (Rosenberg 2004) . Using groupings for K = 2 and K = 3, we compared the results of two separate Generalized Discriminant Analyses on the pairwise D C matrix in Canonical Analysis of Principal Coordinates (CAP, Anderson and Willis 2003) . Cross-validation of lake groupings was performed using a "leave-one-out" procedure in CAP.
To examine whether population structure conforms to an isolation-by-distance (IBD) pattern of divergence, we performed Mantel tests using pairwise F ST and pairwise geographic distance (measured as the shortest water path) matrices. The F ST values were linearized using the formula F ST / (1 − F ST ) and geographic distances among lakes were naturallog transformed following Slatkin (1985) . The IBD analyses were performed at the province-wide, drainage basin, and ancestry levels in the GENALEX 6.2 (Peakall and Smouse 2006) . Within-lake population genetic structure has been observed for walleye (Stepien et al. 2009 ). To determine the presence of more than one population within each lake, we analyzed individuals within lakes independently in STRUCTURE assuming K = 1-3 in five runs using the parameters described above. We also performed genotype assignment/exclusion analyses to identify probable sources of migrant individuals using GENCLASS 2.0 (Piry et al. 2005) . Assignment was performed using the Bayesian method of Ranala and Mountain (1997) and Monte-Carlo simulation algorithm of Paetkau et al. (2004) , using 10 000 simulated individuals and an α-value of 0.05 (e.g., a given lake could not be excluded as a potential source if an individual's probability score was greater than 0.05).
Results
Estimates of genetic variation for sampled lakes were not uniform across the five major drainages. Allelic richness ranging from 7.2 to 13.8 alleles was generally higher in the Eastern and Western regions compared with the midrange. The occurrence of private alleles and levels of heterozygosity followed a similar pattern, with the fewest private alleles identified in the Midrange cluster of lakes (Table 1) . The greatest number of private alleles was found in Holden Lake, in the Ottawa River drainage.
Comparative AMOVAs revealed significant variance components for groupings of lakes based on all three of the hypotheses (GRA, PDV and IAI; Table 2 ). A slightly higher percentage of genetic variance was found for lakes grouped under the GRA hypothesis (1.84%, P < 0.001) than under the PDV hypothesis (1.58%, P < 0.001). The IAI hypothesis explained the most genetic variation (2.57%, P < 0.001) in our walleye genotype data. The majority of genetic variation was partitioned within lakes for all three hypotheses tested ( Table 2) .
The STRUCTURE analysis indicated K = 2 as the most likely province-wide genetic structure based on −Ln P(D) and ΔK (see Supplementary Figure S1 online). However, D Cbased Discriminant CAP analyses found higher support for K = 3, relative to K = 2 (Figure 2) based on a 'leave-oneout' cross-validation (see Supplementary Table S1 online) . AMOVA, STRUCTURE, and CAP showed support for three separate ancestries (K = 3) with an association to the geographic glacial refugia suggested by previous work (Billington et al. 1992; Stepien et al. 2009 ). We hereafter refer to the clusters as Western, Midrange, and Eastern ancestries (Figure 2) .
The three geographic-genetic clusters (K = 3) were significantly differentiated (P < 0.001) from one another, with the Midrange cluster being the most divergent with the highest group pairwise F ST estimates (0.061 [compared to Western] and 0.046 [compared to Eastern]), while the Western and Eastern clusters were more closely related (pairwise F ST estimate = 0.027); this is despite the Eastern and Western clusters being the most geographically distant groups.
Pairwise F ST comparisons revealed a wide-range of significant population differentiation among lakes across Ontario (global F ST = 0.16, P = 0.001, Table 3 ). No pattern of broadscale IBD was observed across all sampled lakes. At a finer scale, weak but significant IBD was observed among lakes within the Nelson River drainage (r 2 = 0.090, P = 0.011), and among lakes comprising the western cluster (r 2 = 0.015, P = 0.020).
Within-lake STRUCTURE analyses revealed seven lakes exhibiting genetic structure among the fish from the one lake: Pipestone, Wakami, Kagiano, Savanne, Shikwamkwa, Wabatongushi, and West Kabenung lakes all showed evidence for two genetic clusters. We could not reject the hypothesis of a single genetic cluster within each of the remaining 39 lakes-that is, there is evidence for only one population present in each of those lakes. Only two of the lakes showing two genetic clusters have histories of hatchery supplementation: Pipestone and Wakami Lakes.
Individual assignments via GENECLASS revealed high levels of self-assignment for all lakes (>87% of the fish, mean of 94%); with 100% self-assignment for Mainville Lake (Table 4) . No significant differences were found between natural and stocked lakes in terms of the number of individuals excluded, self-assigned or unassigned. Five lakes were potential sources of individuals sampled in other lakes: Rice, Skootamatta, Mink, Young and Sakwite.
Discussion
This study represents the first broad-scale examination of population genetic structure among inland lake populations of walleye. Considerable genetic structure was observed among Ontario inland lake populations of walleye at both broad-and fine-geographic scales. The population history of walleye among Ontario's inland lakes reflects complex patterns of dispersal from three distinct glacial refugia and post-glacial vicariance. Our results indicate that the spatial genetic structure of walleye is consistent with historical dispersal from Atlantic, Mississippian, and Missourian refugia; with evidence of limited historical connectivity. Stocking of individual fish likely accounts for reduced genetic differentiation among some lakes; however, these are few and do not 
Historical Processes Shape Broad-Scale Genetic Structure
Population genetic theory predicts that processes associated with range shift during the Pleistocene-such as fragmentation, range expansion, and reduced population size-will impact the genetic variation in present-day populations (Hänfling et al. 2002; ) . During periods of glacial retreat, the dispersive capabilities of ancestral walleye likely initiated waves of connectivity among isolated and refugial populations (Kitchell et al. 1997; Billington et al. 2011) . Despite these repeated and dynamic processes, broad-scale genetic structure of walleye among Ontario's inland lakes continues to reflect re-colonization from three distinct glacial refugia (Missourian, Mississippian, and Atlantic). Using contemporary zoogeographic distributions, Mandrak and Crossman (1992) The lack of broad-scale IBD is explained by the re-colonization of Ontario from three refugial sources; nonetheless, within these ancestries, and within drainages within ancestries, we might expect a pattern of IBD to exist-as seen among some Great Lakes walleye populations (Stepien et al. 2009 ). As IBD was detected solely for the western-most ancestry and drainage basin, it is likely that the processes of re-colonization from isolated and divergent refugial sources, combined with subsequent post-glacial isolation of Ontario's inland lakes, have prevented a stepping-stone model of gene flow from developing among central and Eastern Ontario populations.
Differential ancestry, while it accounts for a significant portion of the genetic variation among Ontario's walleye, does not explain the high degree of genetic differentiation among inland lake populations, particularly within ancestry groups. Differentiation among lakes within refugial ancestries and drainages is high (F ST > 0.150, and 0.123, respectively) but variable. Lakes showing the lowest mean pairwise differentiation were from the Lake Erie/Lake Ontario drainage (F ST = 0.062), likely due to all lakes within this drainage sharing a history of stocking. While there is some indication of drainage-specific differentiation as observed in other percids (Stepien and Faber 1998) , weak or no isolation-by-distance was observed within ancestries or drainages, indicative of little or no connectivity among lake populations in the Bold indicates a lake with a record of stocking. Italic sources indicate assignment of an individual with fewer than 7 loci. Lake abbreviations are available in Table 1 .
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http://jhered.oxfordjournals.org/ Downloaded from recent past. These findings are consistent with the integrated ancestry and isolation (IAI) hypothesis, which predicts that Ontario's walleye structure is a result of lake populations evolving in isolation from one another since their last colonization with little or no gene flow, with the exception of some examples of human-mediated gene flow (see the next section).
Human-Mediated Impacts on Genetic Structure
Hatchery propagation efforts have been suspected of influencing the genetic architecture of Ontario walleye populations (Cena et al. 2006; Billington et al. 2011) . Fishery enhancement via supplementation with non-native fish or direct lake-to-lake transfers can reduce the genetic integrity of natural populations through introgression among native and transferred fishes (Hansen et al. 2000; Cena et al. 2006; Gow et al. 2011 (Table 4) and may indicate the small, but detectable influence of stocking from particular lakes. For example, lakes with a history of serving as a source for hatchery stock, such as Skootamatta Lake (Ihssen and Martin 1995) , can be indentified as potential sources of fishes excluded from their lake of capture (Table 4) . If native and stocked fish do not interbreed, the resulting population structure should reflect admixture at the population level, with lakes showing significant within-lake structure. Within-lake analyses using mtDNA (Billington and Hebert 1988) and microsatellite markers (DuPont et al. 2007; Stepien et al. 2009 ) have detected genetic structure that has been attributed to spawning philopatry and ecological differentiation among stocks within a single lake. However, the lakes involved in those studies were very large (e.g., Great Lakes), much larger, and likely more habitat-diverse than the lakes included in this study, which had an average surface area of ~6000 ha. Our assessment of population-level admixture, akin to a mixed stock analysis approach, yielded few examples of lakes exhibiting within-lake genetic structure: of 46 inland lakes sampled, seven showed signatures of more than one genetic stock. Furthermore, admixture was not exclusively found in lakes with a history of stocking.
Despite a long history of stocking activity (>60 years) for a number of Ontario's inland lakes, the overall historical genetic signatures are well preserved. Genotypic assignment of individual fish did uncover patterns that are suggestive of human-mediated gene flow via hatchery origins or perhaps unsanctioned stocking practices (Table 4) . For the latter scenario, at least three instances of lakes with no historical records of stocking harboring fish with a genetic signature linking them to a stocked lake: Dog with assignments to Rice and Skootamatta, Garnham with assignment to Mink, and W. Kabenung with assignment to Mink (Table 4) .
Conservation and Management of Inland Walleye Populations
As part of the $2.5 billion Canadian recreational fisheries, walleye became the predominant recreationally caught species in Canada in 2005 (Canada Department of Fisheries and Oceans 2007). Consequently, there is pressure to maintain and enhance walleye fisheries in Ontario's inland lakes with hatchery supplementation (Kerr 2008) . Previous analyses suggesting introgression among native and hatchery walleye indicates the potential for loss of genetic diversity resulting from such practices (Hansen et al. 2000; Cena et al. 2006) . While human-mediated gene flow appears to have resulted in a modest confounding effect on the overall post-glacial historical genetic signatures of Ontario's walleye, it is nonetheless detectable and highlights the potential for humanmediated gene flow to alter population genetic structure.
Our study further refines and delineates walleye ancestry and structure within Ontario and is largely in agreement with the generalized mtDNA distributions of walleye proposed by Billington (1996) . Furthermore, our work provides a microsatellite-based framework for identifying potential sources of stocks for supplementing compromised and recreationally important fisheries. For the enhancement of collapsed or vulnerable inland lake walleye stocks, management efforts should consider sources of supplementation within the population's historic ancestry in an effort to preserve natural genetic patterns among inland lake populations.
In summary, the contemporary population genetic structure of Ontario's inland walleye displays the complexities of post-glacial dispersal and vicariance, coupled with humanmediated gene flow likely through hatchery supplementation and possibly non-sanctioned fish transfers. Despite more than 60 years of hatchery supplementation and introgression among native and stocked fish, the biogeographic history of Ontario walleye remains strong-suggesting that humanmediated gene flow has had minimal effects on the genetic diversity and structure of walleye populations, at least thus far. Nonetheless, current and future management actions should continue efforts to preserve native genetic stock structure.
